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MECHANICAL PROCESSES AFFECTING DIFFERENTIATION
OF PROTO-LUNAR MATERTAL

W. M, Kaula

University of California, Los Angeles

Ahstract Mechanisms prior to 1unar formatlon are sought
to account for the loss of volatlles, the depletlon of ironm,
and the enrichment of plagioclase. Some of the same mechanisms
are necessary to account for aéhondritic, stony;iron, and iron
meteorites. Collisions seem marginally capabie of providing
the heat to accomplish the differentiation into irOn,‘magnésian:
silicates, and plagioclase.. Once this differentiation is
accomplished, the subsequent méchanical history should have been suffi-
cient to sort material according to ¢omposition in the pfotoflunar
 circum-terrestrial cloud. Effects dpéﬁ&tiﬁgﬂinclude thé'cbffe-
lation of'body size with mechanical_strength; thé lesSer ability
of the cloud to trap the larger, denSer'infélling bodies; the
more rapid drawing into the earth of the larger moonlets; and
the higher energy orbits for dominantly ﬁlagioclaselsméller -

pieces broken off by collision.

LUNAR STRUCTURE

An adequate theory of lunar origin*mustraccount for three
major chemical differences from cosmic or chondritic abundanCes:
(1) the loss of wvolatiles, (2) the loss of lron, and (3) the
gain of plagioclase. As shown by all analyses of 1unar samples,
‘the moon is a very dry place. The oxygen fugacity is extremely

low, the only carbon is solar wind implanted, only traces of-:



primordial lead have been found, etc. The mean density of
3.34 g cm™> does not allow more than 14 percent iron, con-
siderably less than the 30-35 percent characteristic of the
earth and meteorites. The global lunar magnetic permeability
of 1,012 (Dyal et al, 1975); coupled with seismic velocities indi-
cative of an olivine composition (Latham et al, 1975), indicate an iron
content as 16W as six percent. The thick crust indicated by
gravimetry and altimetry (Kaula et al, 1974) plus the need for mare
basalt source regions to be enriched in lithophiles (Gast, 1972;
Ringwood and Green, 1974) require that at least the outer half
of the moon be enriched about three-fold in plagioclase relative
to chondrites. Assuming that the 30 ergs/cmzfsec heat flow
measured at the Apollo 15 and 17 sites (Langseth et al, 1975) is
representative of the entire globe, and thence of the uranium
content, and assuming refractory silicate abundance to be pro-
portionate to uranium abundance {Ganapathy and Anders, 1974),
the plagioclase enrichment is more than four-fold,

Constraints on origin also come from the present tempera—l
ture and density structure of the moon. The crust of 50 or
60 km of anorthositic gabbro (Kaula et al, 1974) requires
that the outer ﬁarts be heated enough early in lunar history
to accomplish the necessary differentiation. The lithosphere
1000 km thick (Lammlein et al, 1974) requires that this zone
have less than a chondritic abundance of radiocactive heat
sources, and hence that it be at least partly cleared out of

large ion lithophiles. The central asthenosphere of 700 km



suagests that this innermostrlﬂﬁoercent'of the moon's bulk
formed too cold to partlclpate 1n the early dlfferentiatlon, and
hence retalned its heat sources, thus enabllng it to warm up

to 1ts present state L i : .
Before constructlng an hypothe31s of lunar orlgln to account

for»these data 1t is approprlate to rev1ew some dynamical con-

SLderatlons and dlfferentlatlon processes. ~:”-

DYNAMICAL CONSIDERATIONS

| If we accept the uniformltarlan pr1nc1ple that the sun and
-planets formed . from a gas and dust cloud 51mi1ar to those ob-
'served to be assoclated with new stars now, then the planets
formed from a nebula of some sort (Cameron 1973 Safronov, 1972).
In such a context a. dynamlcally plau51b1e or1g1n of the moon

is one whlch 1s a by- product of the earth's formatlon (Kaula and
Harris, 1973 Ruskol, 1960 1963 1972a) the moon forms from
a cloud of matter around the earth The proeess is 1n1t1ated :
by collisions between planete51mals close enough to the earth
for energy loss sufficient for capture but at the same tlme
reta1n1ng momentum suff1c1ent to go into geocentrlc orbit
rather than infall ' The resultlng moonlets then act as‘an. |
eff1c1ent trap for further proto=~ 1unar materlal

If the assumption is made that w1th wmass incrementation‘

to the cloud the angular momentum 1ncrementat10n is random, then
a major portlon ‘of the cloud was, drawn into the earth

For a cloud a bodles each w1th mass my 5. semi- maJor axis a;

angular momentum Hi,-of total mass small compared toﬂthe_planet embryo:

Page 34 follows
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where M ié the planet embryo mass (Kaulé, 1971). Ancther pro-~
cess which would have drawn satellites toward the earth if
planetesimal velocities were isotropic with respect to the earth
wag ''drag' on the satellites by the planetesimals. A satelli;e's 
érbiting about a plamet gives it a systematic motion with respect
to the planetesimals, resulting in (Harris and Kaula, 1974):
g;i-= -8 ome 1% [c2m, ] : Cq2)
where & is the space deﬁsity of planetesimals in the nebula
beyond‘the influence of the pianef embryo; G is the gravitational
constantj R is the radius of the planet embryo; ry is satellite
radius; and 6 is the factor for relative velocities Vel M

the planet's zone:

2

vrel

= GM/Re o (3)

The factor ®& varies from 3 to 10, dependeﬁt on the amount of gas
present (Safronov, 1972). More detailed calculations show that
the proto-lunar swafm must get started when the earth itself is

a rather minor fraction of its final mass -- less than ten per--
cent -- if a final moon as large as the actual is to be attained
at the end of the process (Ruskol, 1972a; Harris and Kaula, 1974).
Furthermore, a consequence of equations 1 and 2 was that the moon
formed Iargely of material that fell into the earth-moon system

later than the bulk of fhe earth's material.



It seems dubious that planetesimal velocities were purely
isotropic or that angular momentum incrementation was entirely
random, however. The latter is hard to reconcile with the pro-
gradeness of nearly all satellite orbits and planetary rotations.

- Whether small biases affect satellite orbit evolutions needs to
be solved in conjunction with the planetary rotation problem, perhaps
‘following the path suggested by Giuli (1968).

A process which moved satellites outward was tidal friction:

= 3k [M]—Tﬂ— 3 @

where k is the planet's Love number and 1/Q is the dissipation
factor (Kaula, 1968, p. 202), The sign of equation 4 depends
on the body = being outside the geosynéhronous
distance; the magnitude of 1/Q depends on the difference between
rotational and orbital rateé, w-n, as well as the thermal state
of the earth.

The final important effect on the growth of moonlets
about the earth and their orbital evolution was collision,
wiﬁh the resulting accretion and fragmentation. Through
collisions, a system isolated from outside influence evolves
toward the minimum energy state conserving angular momentum:
a set of co-plamar circular orbits. But if the surface density of
matter is sufficient, moonlets and thence the moon form by
gravitational instability: i.e,, relative velocities become
gentle enough by collision that ény density perturbation grows
by gravitational attraction. The time scale for formation of
10 km size moonlets is years; for the entire moon, .less than

1000 vears (Ruskol, 1973). However, the earth-moon system
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was not isolated, but continually .disturbed by infalls from
the heliocentric system. Hence the formation .of the moon was
delayed considerably By continual infalls causing breakup of
moonlets and repetition of the settling down process until the
infall was too small to inhibit the final formation of the
moon, which then occurred rather rapidly., This rapid forma-
tion led to significant heating of the outer parts of the moon,
- resulting in differentiation of the crust, The heating was of
a magnitude suggésted by the accretion formula (Hanks and

Anderson, 1969):

(B L g grterd ) o

r dc equil

However, the actual accretion was not the neat accumulation
of small bodies suggested by this formula, but more a rather
irregular process entailing a wide mass range of infailing bodies,
the largest a éignificant fraction of the moon's mass.
These infalls supplied energy for the convection associated
with the asymmetric crustal differentiation.

Collisions also acted to fragment bodies, of course.
The typical planetesimal was rather porous, since its component
parts could have come together only by bumping.at rather low
velocities. Subsequent collisions at higher wvelocities
normally involved bodies
differing considerably in size. Hence the effect of collisions
was mainly to chip off pieces from the outer parts of the
larger bodies and to fragment only the smaller bodies,

An effect of the porosity was to convert a higher portion
of the kinetic energy into heat through melting induced by
collapse of voids in the rocks, similar to what is happening on a

smaller scale currently on the lunar surface (Ahrens and 0'Keefe, 1972).
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Tﬁe portion of bodies involved in collision which was melted
was always quite wminor; more material received mild heating,
leading to metamorphosis as observed in ordinary chondrites;
mucﬁ more was not significantly heated at all, but fractured and -
broken off, the g:éater part of the energy of impact going into
the kinetic energy of pieces flying off.

Most of the fcregoing épplies to smaller planetesimals of
not more than a few 10's of km size. In'larger'bodies of more
than 100 km size, and hence some gravitational field, repeafed
impgcts by smaller bodies resulted in some heating and in some
compaction of the deeper parts from the recurrent vibrations
set up.

The collision regime applying to the ﬁroto-luﬁaf swarm
was appreciably more violent than that for the planetesimals
in hellocentric orbits, due to the enhancement of. 1nfa11 ve-
locities by the earth s attraetion. For bodies in heliocentric
orbit, an important energy input to collisions was.the develop-
‘ment of Jupiter. When Jupiter became more than about one-tenth
its present mass, it threw considerable matter at rather high
velocities into the inner solar system, knocking out more
matter than it added, but through éollisions producing appreciable
energy for heating. | L

A final dynamicél effect which may have been important in
sorting préto—lunar material is tidal disruption of large plane-
tesimals passing the earth within their Roche limit, As emphasized
by Wetherill (1974) and Wood & Mitler (1974), such close approaches

are considerably more probable than-collisions. However, most planetesi-
mals were too small to be significantly affected by tidal disruption.

DIFFERENTIATION PROCESSES

Processes leading to compositional differentiation can be
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‘classified as condensational,:planetary, and mechanical:. i,e.,
resultiﬁg from condensation from the gas phase; or meltiﬁg within
a parent body, or collisions and blow off, respectively.
As emphasized by several authors (e.g. Grossman & Larimer,

1974), but particularly Anderson (1973) with reference to the

moon, the first condensates are

calcium, aluminum and titanium-rich minerals, followed,by iron,
magnesian silicates, etc. However, it is difficult to imagine
the sﬁall portion of Ca-Al-Ti minerals drifting to the central
plane of a hot gaseous nebula to form sizeable planetesimals
undisturbed by convection currents, etc. It is also hard to
imagine how ionization could be maintained to allow plasma
effects to be significant separation mechanisms (Arrhenius and
Alfven, 1971) in such circumstances. The evidence from the
Pueblo de Allende meteorite is that the condensation sequence
led to moderate enrichment of some particle compositions, but not
to segregation of sizeable bodies.

Most drastic differentiations among-irons and silicates =--
terrestrial and lunar rocks, achondritie, stony-iron, and iron
meteorites ~~ apparently happened as the consequence of melting
in a parent body. In the case of terrestrial and lumar rocks,
the general cireumstances are fairly evident. In the case of
meteorites, we have some evidence of the size of parent bodies
in the nickel=iron concentration gradients of the Widmanstatten
patterns (Wood, 1964; Goldstein and Short, 1967). However,
the heat source is still a major problem, Aluminum-26 appears
to be ruled out by the absence of Magnesium-26 (Schramm et al,
-1970). Electromagnetic induction by the T Tauri hurricane
(Sonett et al, 1970) still seems somewhat contrived, dependent

on solar spin decay and mass outflow both extrapolated



from observations of 1arge? stars (Kraft, 1972; Kuhi, 1964). A

remaining possibility is collision, whose effect was enhanced

by porosity. So far as the prdbiéﬁ of the moon is concerned,

we can take as given by the nickelfi?on gradient observations

of Wood (1964) and Goldstein and Short (1967) that differentiation

by melting occurs in some planetesiméiS'of not more than a few tens

of kilometers radius, sust as we ali find it convenient to

take as given by the SPECtroscoplc observatiomscf T Tauri stars

by Kuhl (1964) that an outstreaming of matter occurs after a

new star forms, even thcugh an understandlng of why it occurs is remote.
7 Whipple (1964) éﬁggesté& that the differiﬁg méchanical

strengths of iron and siliéétes would lead-to larger earlier-

forming bédies having more iron thaﬁ.Smallér.late;forming

bodies; Orowan (1969} and‘Ruskol-(IQTZb) have further pursued

this possibility. Offhand, it seemé like a rather long regime of

repeated ' coalescence, collisibﬁ, fragmentation, and re-coalescence

would‘have been necessary to'makg méchanicallstrength an effective

sorting mechanism. However, this ihefficienty applies mainly to

getting differentiation startéd; once there had been perceptible

differentiations due to condensational or planetary processes,

then these mechanical effects wgﬁid enhance segregation of iron

from silicates, at least ~- bﬁt'ﬁot'ﬁagnesian silicates from

plagioclase, ete. 1In regard to the compositlon of the proto-~

lunar swarm, manlfestly small low den51ty 3111cate bodies were

more ea511y captured than large hlgh den51ty iron bodies.

Furthermore, mechan1ca1 sortlng in the c1rcum*terrestr1a1 swarm

would be a much more rapld and effectlve process than in the

heliocentric nebula, and would be enhanced-by any dynamical

effects dependent on moonlet. size.



LUNAR FORMATION

- We wish to construct a scenario of iuna: formation taking
into account the foregoing considerations., This scenario is
based mainly on the models of Ruskol (1960, 1963, 1972a). The
principal addition is to explore the planetary differentiation
processes and related collision effects resulting in plagioclase
enrichmént, which may also have effects on the iron and volatiile
depletions in addition to the factors considered by Ruskol
(1972b). We also should consider the implications of a much
more massive nebula, such as hypothesized by C&heron (1973) and
Levin (1973). |

Condensation of solids in a nebula led fairly rapidly to

the formation of planetesimals by gravitationaf instability. -
Applying the formulae of Goldreich and Ward (1973) to the
vicinity of the earth}s orbit leads to 5 km radii for the ini-~
tial bodies in a sparse nebula of 10 g/crﬁ2 solids (Safronov,
1972), and to 500 km radii for the initial bodies in a massive
nebula of 1000 g/;:m2 solids (Cameron, 1973). Mutual perturba-
tions between planetesimals led to the development of relati%e
velocities on the order of [Gm/relg, in accord with equation 3. .
Assuming the higher values of 8 dependent on the presence
of gas, the initial relative |
velocities were on the order of 100 em/sec in the sparse nebula,

and.2x104

cm/sec in the massive nebula. Using Safronov's (1972)
formulae, the resulting formation times for the earth are 108 yrs,
in the sparse nebula and 2x104 years in the massive nebula,.
(Cameron's figure of 103 years depends on the suppression of all

planetesimals but one by an unexplained mechanism). These growth
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tiﬁes are not directly comparable; growth in the sparse nebula
terminates because of exhaustion of the solid matter in the
zone, while growth in the massive neﬁula terminates because the
remaining material is removed by externmal causes, présumably
a super solar wind.

Our concern is means for heating of planetesimals which
are proto-lunar material in the nebula. The lifetime formulae
assume thdt the terrestrial zone is isolated. In the massive
nebula case, there is ample matter for collisions to cause
considerable heating: indeed, it is a necessary part of that
hypothesis that material be suffiéiently bulverized by7¢o11ision
to be blown away. In the sparse nebula case, relative velocities
sufficient for collisional heating -- say, 1 kmfsec -- occur
when the earth was éﬁly about 2 percent its final mass, if we
assume a & of 4 (appropriate for no gas) in equation 3.
The amount of mass per unif time collided with by a larger
planetesimal of radius s at this stage ‘is vrelTrszﬁ._ The
space density & itself is inversely proportionate to the
height of the nebula, R Vrellvorb ~ R/30, where R is the

radius of the earth's orbit, whence

. U, P '
m = g 6-VORB/R . (g

Using 10 g/cm2 for 6 and 720 km for s (i.e., a body with

1 km/sec escape velocity), we get 3.3x1010 g/sec for m. If this

mass influx rate were distributed in small bodies, the heating

would be negligible. The heating must be in impacts by bodies

of comparable size or not much smaller, and the amount of heat
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retained is on the order of the change in potential

energies upon combination (Ruskol, 1973):

AL T o
L 2"

for.a combination of sy - 720 km and s, = 360 km, the energy
thus gained is 1.8x1033 ergs, or‘only 3.3x108 ergs/qm. However,
the energy dissipation is highly concentrated near the
interface of the collision, most of it in less than 10 percent
of the mass. 1In addition, some of the kinetic energy of approach
is trapped if the bodies are porous. By repeated such
impacts, it is plausible that the outer 100 km or so of plane-
tesimals were  heated sufficiently to differentiate plagio-
clase and iron, and to outgas volatiies.

An additional source of energy was bodies throwh into
the inner solar system by Jupiter. Such bodies had relative
velocities of approach of about 10 km/sec, and hence their effect
on mass growth was disrupting rather than contributing.
However, they would have contributed significantly to heatiﬁg.
They also would have been important in breaking off composi-
tionally different parts of planetesimals from one another, and
in sorting them by size: the irons tending to be larger, because
of mechanical strength, and the silicates sﬁaller. Due to the
longer time scale of Jupiter's formation, these effects probably
were not important until the late stages of earth and moon for-
mation. A possibility worth exploring is that the proto~lunar
cloud was then enriched by plagioclase rich material perturbed
by Jupiter.

Hence from dynamical reasoning as well as the evidence of

the non-chronditic meteorites, the proto-lunar material would
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have arrived in the earth's vicinity somewhat sorted in
composition., Any geocentric belt of métter woﬁld have effected
further sorting, since it was more capable.of catching swmall
silicate chunks than large iron chunks.. There would also at
this stage have been some discrimination between.magnesién
silicates and plagioclase; a greater portion of the latter
would be in small pieces chipped from the surfaces of plane-
tesimals, and hence more easily caught,

For the material in orbit about the earth, the collision
regime was qualitatively similar to that of the planetesimals
in orbit about the sun, but two orders~of—magnitﬁde_(at léast)
faster, due to the much shorter cycle time. Higher energy
infalls from outside the system had a disrupting aﬁd{heéting
effect analogous to the Jupiter intrusions into the inner solar
system, Ad&itional effects were the gravitétional‘tightening.of
the planet-satellite system, planetesimal drag, and tidal friction,
expressed by equations 1, 2, and 4, Equation 1 suggests that |
if dm/dt were proportionate to cross section area, or m2/3,
then smaller bodies would be drawn into the earth more quickly,
sinée da/dt would then be proportionate to m-1/3. However,
the high velocities of infall make it quite unlikely that growth
rate would be proportionate to m2/3. Rather, taking-into
account the effect on collision of moohlet size relative to in-
falling body size, the correlation of the stronger material iron
with size of body, and gravitational binding energy, dmi/dt would
be likely to have an exponential dependence,m?'bf n > 1. In other

words, the smaller bodies would have tended more toward elastic

collisions and the largerbodies toward inelastic collisioms.



13

Hence equation 1 acted more to reﬁove the larger bodies from
the circum-terrestrial swarm. However, equation 2 acted more to
remove the smaller bodies.
Layered differentiation of moonlets would also have

occurred, with the plagioclase rising to the outer parts and
the iron sinking to the deeper parts. Upon colli#ion, small
pieces would have bﬁsn chipped off the ouger parts of these
moonlets. These chipped pieces would have had higher energy
per unit mass, relative to the earth, than the average, and
hence would have taken up orbits on the whole farther out than
their parent moonlet. Hence a larger than average portion of
them would survive being drawn back ‘into the earth, and there-
fore would have been finally incorporated in the moon. These
pieces would have had a higher-than-
average plagioélase content and lower-than-average iron content,

Additional effects of significance for moonlets approaching
close to the eafth may be tidal disruptién and atmospheric drag.
Tidal disruption of a single large planetesimal coming close to
the earth from a low approach velocity has been proposed by |
Wood and Mitler (1974) as a means of obtaining all the proto-
lunar material. However, the low approach velocity implies
that this large planetesimal was formed in the earth's zone,
and it is extremély improbable that such a big body, 100 times
as massive as allowed by Safronov's (26)3 rule (1972, p. 106),
could have found sufficient low velocity material to collect
itself. So far as our hypothesis goes here, the effect merely
constrains moonlets to be less than about 200 km siie so long
as they are inside the Rbche limit. Once they have moved beyond

the limit, they can combine into larger bodies, as in the models

of Opik 71972).
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Atmospheric drag acts, of course, to draw down the
smaller silicate bodies preferentially, contrary to the even-
tuality required by lunar composition. A massive atmosphere,
as hypothesized by Ringwood (1960, 1966, 1970), might exert
such an influence, even if it did not gain enough energy to
leave the earth. Although core feormation undoubtedly was of
major importance in determining the earth's convective regime
for the firsct 109 years or more, there is no way any signifi-
cant fraction of this energy could have been concentrated
sufficiently to blast volatiles off the earth (even if it could
have been, the maximum mass raised to escape would be only .06
earth mass). The core formation energy was released throughout
the body; it was brought to the surface by convection in an
almost liquid mantle, where it was exchanged with a vigorously
convecting atmosphere that radiated it away. However, although

. this convection was vigorous by planetary standards, the energy
density of the process was small compared to stars, and the
rate of mass outflux negligible: the earth could not have
developed an expanding corona.

Hence the plénetesimal collision processes discussed
earlier must have also operated to remove volatiles from proto-
earth material. ©Possibly the earth's present volatiles were
carried by the initial infalling planetesimals, while the later
infalling planetesimals were already rather dried out. This
raises the problem of why an atmosphere did not form by out-
gassing of the early infalls, and remain while_subsequent infalls
occurred: why is the earth so depleted in xenon relative to

chondrites, let alone the sun? Perhaps the devolatilizing of
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the inner sclar system took place when no bodies moré than

1000 km or so in radius existed; the initial conglomeration

of such planetesimals to make the earth's center was at too
low velocity to cause much outgassing (say about 20 such bodies,
constituting 10 percent of the earth's mass); while the outer
bulk of the earth was made of planetesimals that were all se-
cond or later generation, already well out-gassed by eariier
collisions.

The alternmative hypothesis that the earth and the moon
acquired their volatiles as a veneer from late infalling matter
(Anders, 1968; Turekian and Clark, 1969; Ganapathy and Anders,
1974) requires that the compounds of active volatiles, HCNO,
must have been protected from whatever blew away the inert gases.
Also, since the moon has a much higher proportion of iate mattér
than the earth, the lunar material must have suffered its vo-
latile loss relative to the earth by processes associated with its
lgeocentric orbit. This loss requires not only heating and break-
up, but also sweeping out of the satellite zone, so that recon-
densation onto the proto-lunar matter does not occur.

To return to the lunar formation problem, any early earth
atmosphére, no matter how hot and seething, would not have had
a scale height more than say 100 km, corresponding to silica
at 2000°K. Hence its ability to reach to satellite material
at the geosynchronous distance for the five hour day, 2.3 R@’ would

have been slight.

CONCLUSIONS
To summérize, the circum-terrestrial ring of matter about
the early earth was already appreciably devolatilized, enriched

in silicates relative to iron, and probably enriched in plagio-
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clase relative tmagnesian silicates, by processes occurring
in planetesimals in heliocentric orbit, and by some selectivity
in capturing such planetesimals and their fragments. While the
material was in orbitlabout the earth, the outer parts of the cloud
which constituted the proto?iunar material suffered loss of iron
due to the more répidly growing bodies being drawn into the
earth, and experienced gain in plégioclase due to the outer-
most fragments of moonlets subject to collision being put in
higher energy_orbits. Also during this time appreciable further
loss of volatiles 6ccurred. The material which finally got
together to form the moon during a 1ull of infalls;from outszide
the earth-moon system did so rather rapidly so that the
outer parts of the moon were heated sufficieﬁtly'to bring much of
the excess plagioclase up to form the thick crust. o

The hypothesis presented here may seem to depend too much
on multi-stage collision processes difficult to model mathe-
'matically. However, given the fundamental hypothesis that
the planets and satellites were made from a dust-and-gas solar
nebula, then it seems unavoidable that the processes described
hérein occurred; the problem is the-quantitative importance of

the processes relative to one another.
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